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Preface
A committee of the Agricul tural  Engineering Department,  Universi ty of Kentucky, of
which the authors are members, is invest igat ing the feasibi l i ty of  certain farmers becoming
energy  independent  by  p roduc ing  the i r  own eng ine  fue l .
A part  of  this invest igat ion concerns just how low a proof of ethanol can be tolerated by
internal combust ion engines from several  aspects. Natural ly,  the lower the proof the easier the
produc t ion  w i l l  be .
This paper descr ibes the results of a l i terature search on the effect of  water di lut ion in
ethanol on the combust ion process in internal combust ion engines.
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Introduct ion
The use o f  e thano l  (e thy l  a lcoho l )  as  a  fue l  fo r
spark  ign i ted  (S l ) .  in te rna l  combust ion  eng ines  has
been evaluated and considered sat isfactory since
the early 1900s. Today due to the increasing cost of
pe t ro leum and the  cur ren t  wor ld  o i l  uncer ta in ty ,
wh ich  may grea t ly  a f fec t  the  fu tu re  ava i lab i l i t y  o f
pe t ro leum,  some a l te rna t ive  fue ls  fo r  in te rna l  com-
bus t ion  eng ines  are  needed.  E thano l  i s  one o f  the
f  ue ls  tha t  has  shown promise  as  a  pe t ro leum subs t i -
tute. Today the country of Brazi l  has chosen a path
o f  less  dependence on  pe t ro leum by  deve lop ing  an
ethano l  f ue l  techno logy .  In  the  spr ing  o f  1980,  cars
desig ned to run exclusively on ethanol were offered
for  sa le  to  the  Braz i l ian  pub l i c .  Braz i l  has  a lso
encouraged i t s  c i t i zens  to  use  e thano l  by  mak ing  i t
ava i lab le  to  the  consumer  a t  ha l f  the  cos t  o f  gaso-
l i n e .
Th is  paper  rev iews the  use  o f  e thano l  as  an
unmixed fue l  fo r  in te rna l  combust ion  eng ines .  An-
hydrous  e thano l  (no  water  p resent )  i s  requ i red
when f  ue l  m ix tu res  are  made w i th  gaso l ine  or  d iese l
f  uel .  Presence of greater than 1.50/o water in ethanol
w i l l  cause separa t ion  o f  the  e thano l  f rom the  pe-
t ro leum fue l .  On- fa rm produc t ion  o f  e thano l  w i l l
y ield ethanol f  uel  with at least 50/o water present or
up to 50% water present.  Thus, on-farm ethanol f  uel
p roduc t ion  wou ld  necess i ta te  adapt ing  in te rna l
combust ion  eng ines  fo r  use  o f  unmixed e thano l
f  ue l .
Several  basic f  uel  propert ies of ethanol in com-
oarison to other convent ional fuels need to be
noted because of their  ef fects on the use of ethanol
as  a  fue l  fo r  in te rna l  combust ion  eng ines .  Some o f
the  f  ue l  p roper tycompar isons  are  shown in  Tab le  1 .
Convent iona l  hydrocarbon fue ls  (gaso l ine  and
d iese l  o i l )  con ta in  18 ,900 and 18 ,250 Btu / lb  in
compar ison to  e thano l ,  wh ich  conta ins  11 ,500
Table 1.-Fuel Propert ies.
B tu / lb .  In  o rder  to  ach ieve  equ iva len t  eng ine  power
outou t  fo r  d i f fe ren t  fue ls  there  must  be  s imi la r
energy  input ,  as  fue l .  For  example ,  pure  e thano l
conta ins  61% of  the  energy  o f  gaso l ine  per  un i t
weight,  therefore more pounds of ethanol are re-
qu i red  than gaso l ine  fo r  equ iva len t  eng ine  puwer
outpu t .  l f  an  e thano l  f ue l  con ta ins  water ,  wh ich  has
no combust ion  energy ,  there  must  be  an  inc reased
fue l  ra te  to  the  eng ine  to  supp ly  su f f i c ien t  inpu t
energy.
Another important di f ference between conven-
t iona l  fue ls  and e thano l  i s  the  heat  o f  vapor iza t ion .
Ethano l  requ i res  361 Btu / lb  to  vo la t i l i ze ,  wh ich  is
approx imate ly  2 .5  t imes the  heat  requ i red  per
pound o f  gaso l ine  or  d iese l  fue l .  Water  has  a  heat  o f
vapor iza t ion  2 .7  t imes tha t  o f  a lcoho l .
The au to- ign i t ion  proper ty  o f  a  fue l  becomes
impor tan t  fo r  the  type  eng ine  in  wh ich  the  fue l  i s
used.  The oc tane number  measures  the  res is tance
to  se l f - ign i t ion  wh i le  the  ce tane number  measures
the  ease o f  se l f - ign i t ion .  Low auto- ign i t ion  proper -
t ies  (h igh  oc tane number  and low ce tane number )
are  des i rab le  fo rspark  ign i t ion  eng ines .  E thano l  and
gaso l ine  bo th  ind ica te  h igh  oc tane and low ce tane
numbers .  But  d iese l  eng ines  requ i re  a  h igh  au to-
ign i t ion  va lue  f  ue l  (h igh  ce tane number ,  low oc tane
number ) ,  wh ich  d iese l  f ue l  does  possess .
F ina l l y  the  a i r - f  ue l  ra t io  to  ach  ieve  the  com p le te
burn ing  o f  the  fue l  (s to ich iomet r ic  A /F  ra t io )  i s
14 .7 :1  ' fo r  gaso l ine  bu t  on ly  9 :1  fo r  e thano l .  Th is  f  ue l
property requ i  res carbu reto r  f  uel-rate adj ustme nts
to  ach ieve  max imum eng ine  e f f i c iency .
Proof of Ethanol Tolerable by
Internal Gombustion Engines
The proo f  o f  a lcoho l  to le rab le  by  an  in te rna l
combust ion  eng ine  is  one o f  the  most  impor tan t
Heat of
Combusion
Btu/lb
Densi ty
lb /gal
Heat of
Vaporizat ion
Btu / lb
Octane
N u m b e r
Cetane
N u m b e r
Sto ich iomet r ic
A i r /Fue l  Rat io
Gaso l ine
Diese l  Fue l
Ethano l
Water
18 ,900
18,250
1 1 , 5 0 0
6.2
7 .3
o . o
8.3
142
1 1 5
361
970
77-86
10-30
89
10-20
AE,
20-1 0
14.7
1 5 . 0
9 . 0
-Abbrev ia t ions  are  de f ined a t  the  end o f  the  pub l ica t ion .
fac to rs  tha t  must  be  cons idered in  the  use  o f
e thano l .  E thano l  i s  concent ra ted  ur ing  the  d is t i l l a -
t ion  o f  a  mix tu re  o f  e thano l  and water .  Each t imethe
mix tu re  i s  d is t i l l ed ,  i t s  p roo f  ( two t imes the  per -
centage conten t  o f  the  a lcoho l  in  the  a lcoho l  water
solut ion) increases. Therefore, the lower proof
(h igher  the  water  conten t )  e thano l  i s  cheaper  to
produce and economica l l y  more  a t t rac t i ve  as  a
oet ro leum subs t i tu te .
The use o f  e thano l  in  an  in te rna l  combust ion
eng ine  w i th  a  p roo f  as  low as  70  has  been repor ted
(Schrock ,  1979) .  But  in  a  tes t  done on  a  1947
Plymouth  eng ine  a t  w ide  open th ro t t le  (WOT)  w i th
the  ign i t ion ,  spark  t im ing  and a i r - fue l  ra t io  carbu-
retoradjusted for maximum power, and using hotter
spark  p lugs  than fo r  normal  gaso l ine  opera t ion ,  i t
was f ound that as the proof of alcohol decreases,
the horsepower and thermal efficiency decrease
whi le the f  uel  consumption increases. The resu l ts of
th is  tes t  a re  shown in  Tab le  2  (Schrock ,  1979) .
Another  tes t  oer fo rmed on an  Ol iver  in - l ine  s ix -
cy l  i  nder  eng ine  w i th  a  heater  fo r  the  a i  r - f  ue l  m ix tu  re
showed s l igh t ly  d i f fe ren t  resu l ts  fo r  the  thermal
e f f i c iency .  The resu l ts  ind ica ted  tha t  as  water  was
added to  200 proo f  a lcoho l  the  thermal  e f f i c iency
increased un t i l  the  mix tu re  was 180 proo f ,  then
decreased as  inc reas ing  amounts  o f  water  were
added.  However ,  the  power  ou tpu t  o f  the  eng ine
was maximum at 200 proof (Deardorf f ,  1979).
fhese tests indlcate that the higher proof etha-
nol is a more desirable fuel .  But as before, the
economics  must  cons ider  more  than jus t  the  cos t  o f
t h e  f u e l .
Lower proof ethapol also has caused some
eng ine  prob lems.  Purdethano l  requ i res  more  heat
per gal lon for vaporizat ion than gasol ine or diesel
fue l .  Fur ther ,  the  lower  the  proo f  o f  the  e thano l  the
more Btu of heat per gal lon for vaporizat ion are
requ i red  because o f  the  h igh  heat  o f  vapor iza t ion  o f
water.  Therefore, more heat is needed for the intake
mani fo ld  (Hunt ,  1979) .  In  the  two tes ts  ment ioned
prev ious ly ,  the  fac t  tha t  the  Ol iver  eng ine  had a
heater  fo r  the  a i r - fue l  m ix tu re  and the  P lymouth
eng ine  d id  no t ,  may have caused the  d isc repancy  in
the  thermal  e f f i c iency  resu l ts .  Fur ther ,  lower  p roo f
ethanol fuels (168 proof) have also produced start-
ing  prob lems (Hunt ,  1980) .
O i l  d i lu t ion  has  a lso  been repor ted  dur ing  use
of lower proof ethanol.  ln a test performed on the
1947 P lymouth  eng ine ,  o i l  d i lu t ion  was encountered
when us ing  70  proo f  e thano l .  A tWOTthe eng ine  ran
smooth ly  on  70  proo f  e thano l  bu t  was  incons is ten t
in  i t s  ooera t ion .  But  under  these same cond i t ions
runn ing  the  eng ine  fo r  one hour  resu l ted  in  the
crankcase o i l  vo lume increas ing  f rom 6  to  8  quar ts ,
due to  the  d i lu t ion  o f  the  o i l  by  the  a lcoho l  and water
(Schrock ,  1979) .  O i l  d i lu t ion  can be  overcome or
grea t ly  reduced by  ra is ing  the  coo l ing  water  tem-
pera ture  by  chang ing  thermosta ts  (Deardor f f ,
1  979) .
Wi thout  heat  add i t ion  to  the  fue l -a i r  m ix tu re ,
the  tempera ture  o f  the  charge en ter ing  the  eng ine
cy l inder  i s  lower  fo r  e thano l  o r  e thano l -water  fue l
than gaso l ine .  Th is  resu l ts  in  a  denser  fue l -a i r
charge to  the  cy l inder  and a  h igher  vo lumet r ic
e f f i c iency  fo r  an  eng ine  fue led  w i th  e thano l  over
gaso l ine .
Table 2.-Engine Performance on Various Proof Alcohol.
Proof
Brake
Horsepower
B l e n d
C o n s u m p t i o n
Gal /h r
Ethano l
Consumpt ion
lb /bhp-hr
Thermal  Opt imum
Eff ic iencya Spark Advance
200
1 9 0
1 8 0
1 6 0
1 4 0
120
1 1 0
1 0 0
90
80
70
47.67
4 6 . 1 8
46.67
45.07
45.58
43.60
42.00
42.94
42.35
41.40
3 4 . 1 0
6.85
7.53
7.94
9.52
1 1 . 3 3
1 2 . 9 0
1 4 . 5 3
1 9 . 0 0
1 7 . 9 0
20.87
26.70
.944
1.029
1.042
1 . 1 2 7
1 . 1 6 2
1 . 2 0 7
1 . 2 7 8
1 . 4 9 0
1 . 2 7 7
1.341
'1.853
21.2
19.4
19.2
t  t . o
17.2
t o . o
1 5 . 6
13.4
1 5 . 6
14.9
1 0 . 8
17.5
zu.+
21.3
27.0
29.0
33.0
35.0
36.0
41.5
47.O
50.0
a H i g h e r h e a t i n g  v a l u e  u s e d  b y t h i s s t u d y ( D u c k e t a l . ,  1 9 4 5 )  t o c a l c u l a t e t h e r m a l e f f i c i e n c y
One interest ing fact about the lower proof
ethanol is that i t  may be able to withstand greater
increases  in  the  compress ion  ra t io  than the  h igher
proo f  (Hunt ,  1980) .  l f  th is  i s  t rue  the  power  ou tpu t
and the  eng ineef f i c iencywou ld  be  inc reased fo r the
lower  o roo f  e thano l .
Ethanol is more suitable for use in spark ig-
nition engines than in diesel engines because of
ethanol 's high octane number ( the octane number
and the cetane number are inversely related). The
cetane number  o f  e thano l  can  be  ra ised by  the  use
of  add i t i ves .  Amyl  n i t ra te  i s  an  add i t i ve  tha t  i s
popu lar in the United States. A 1 .50/o mixture of amyl
n i t ra te  in  e thano l  inc reases  the  ce tane number  o f
e thano l  by  15  po in ts .  However ,  no  repor ts  on  the
per fo rmance o f  a  d iese l  eng ine  us ing  e thano l  and
amyl  n i t ra te  have been found (Schrock ,  1979) .
Cyc lohexano l  i s  an  add i t i ve  tha t  i s  popu lar  in
Europe. When i t  makes up 100/o f  a mixture with
e thano l ,  the  ce tane number  o f  e thano l  i s  compa-
rab le  to  tha t  o f  d iese l  fue l .  A  d iese l  eng ine  can be  run
on th is  mix tu re  w i th  no  major  changes to  the  eng ine
(Schrock, 1 979).
Mechanical Modifications Required for
Use of  Ethanol  as a Fuel  in a Sl  Engine
When gaso l ine  tha t  con ta ins  more  than 25%
ethano l  i s  used in  a  S l  eng ine ,  some mod i f i ca t ion
must  be  made to  the  eng ine  (F lowers  e t  a l . ,  ' 1979) .
Th is  o f  course  inc ludes  e thano l -water  b lends  tha t
conta in  no  gaso l ine .  The mod i f i ca t ions  depend on
the  eng ine  and what  i s  requ i red  o f  the  eng ine .
But  be fore  mechan ica l  mod i f i ca t ions  are
undertaken on an engine, a choice must be made as
to the ease of reversibility of the engine changes.
This choice must be based on the avai labi l i ty of
alcoholf  uel f  or al l  ant ic ipated vehicle uses, fhe cost
of the engine modifications, and the expertise re-
quired to make the engine changes.
Reversible Modif icat ions
The f i rs t  t ypes  o f  eng ine  mod i f i ca t ion  tha t  w i l l
be discussed are reversible.  The cost is a few
hundred do l la rs  o r  less  depend ing  on  the  mod i f i ca-
t ion  under taken.  As  imp l ied ,  these mod i f i ca t ions
can be undone with relat ive ase to permit  operat ion
on convent iona l  f  ue ls .  These mod i f i ca t ions  inc lude:
1 .  c h a n g i n g  t h e  s p a r k  t i m i n g ,
2 .  chang ing  the  vacuum advance,
3 .  mod i fy ing  the  carbure t ion  fo r  inc reased fue l
f low,
4 .  heat ing  the  a i r - fue l  m ix tu re  to  ensure  the
vaporizat ion of the alcohol,  and
5.  us ing  var ious  methods  to  enhanqe the  co ld -
s ta r t ing  ab i l i t y  o f  the  eng ine .
Spark Timing
As a  genera l  ru le  the  spark  t im ing  o f  an  eng ine
must  be  advanced to  run  on  e thano l .  Th is  i s  done to
prov ide  the  e thano l  w i th  enough t ime to  comple te
combust ion ,  s ince  e thano l  burns  s lower  than gaso-
l ine .  One s tudy  recommended advanc ing  the t im ing
approx imate ly  2Oo (F lowers  e t  a l . ,  1979) .
ln  another  s tudy ,  done recent ly  in  the  Un i ted
States, a 1979 Ford Fiesta was modif ied to run on
ethano l  (ADM Corp . ,  1980) .  In  th is  tes t  the  ign i t ion
t im ing  was changed f rom 12"  lo  6 '  BTC.  The
ign i t ion  a lso  was reduced on  a  four -cy l inder ,  1 .6
l i te r  eng ine  used in  a  tes t  on  e thano l  in  Braz i l  (Pau l ,
1979) .  The ign i t ion  t ime,  be fore  BTC,  was reduced
in the lat ter two tests because of the di f ferences in
the  mod i f i ca t ions  done to  the  d i f fe ren t  eng ines .
T h e  s p a r k  t i m i n g  o f  a n  e n g i n e  o p e r a t i n g  o n
ethanol can be set two di f ferent ways. A tachometer
c a n  b e  h o o k e d  u p  t o  t h e  e n g i n e  a n d  t h e  t i m i n g
ad jus ted  un t i l  the  max imum RPM read ing  is  found
with the engine on fast id le.  Another way to set the
t im ing  is  to  s ta r t  w i th  an  advance in  the  ign i t ion
t im ing  o f  4 '  BTC (Ming le ,  1979) .  Then use a  s top
watch to determi ne the t ime i t  takes for the veh ic le to
acce le ra te  f rom 30 to  55  mph in  h igh  gear  a t  fu l l
thrott le.  This procedure is repeated in 4o of advance
increments  un t i l  the  min imum acce le ra t ion  t ime is
reached.
From the  d i f fe ren t  changes made in  the  spark
t iming in the tests reviewed and the procedures
used to set the t iming, i t  can be seen that there is no
general rule about setting the spark timing for all
engines using ethanol as a f uel. The correct settlng
of the timing depends on the engine and the other
modifications done to the engine. lt must be deter-
mined by experiment.
Vacuum Advance
Chang ing  the  se t t ing  o f  the  vacuum advance is
another  revers ib le  mod i f i ca t ion .  The vacuum ad-
vance a f fec ts  the  f  ue l  economy o f  the  eng ine  oper -
a t i n g  o n  e t h a n o l .  F r o m  F i g u r e  1 ,  ( C h u i  e t  a l . ,  1 9 7 9 )  i t
i s  shown tha t  the  bes t  fue l  economy on the  eng ine
tes ted  occurs  when the  vacuum advance is  se t  to
g ive  an  add i t iona l  10o o f  advance over  the  id le
i g n i t i o n  t i m e .
VACUUM ADVANCE
2 . 3  L I T E R  E N G I N E
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Fig .  1 . -For the  S l  eng ine  us ing  e thano l  as fue l ,  the  op t imum
spark advance for economy is f  ound to be below the prod uc-
t ion vacuum advance over the ful l  range of engine in the
vacuum that is related to engine RPM.
Carbu relor Modif  icat ions
In al lof  the tests reviewed the engines required
more volume of f  uel  when operated on ethanol as
compared to operation on gasollne. The correct
s to ich iomet r ic  a i r - fue l  m ix tu re  fo r  e thano l  i s  9 :1 ,
wh i le  the  cor rec t  mix tu re  fo r  gaso l ine  is  14 .7 :1
(Hunt ,  1979) .  The reason fo r  the  d i f fe rences  in  the
rat ios is that ethanol has a lower energy content per
v o l u m e  t h a n  g a s o l i n e .
The f uel-f low increase is achieved by modifying
the carburetor.  The general  procedure for the fuel-
f low increase is  to  en la rge  the  carbure tor  fue l  je t
d iameter  '1  1 /2  t imes.  Th is  can be  done by  dr i l l i ng
out  the  or ig ina l  je t  o r  rep lac ing  the  je t .  However ,  one
recent  s tudy  (Eng leman,  1980)  showed d i f fe ren t
resu l ts .  In  us ing  a  s ing le -cy l inder  eng ine ,  ad jus t -
ment  o f  the  carbure tor  f  loa t  w i l l  inc rease the  f  low o f
e thano l .  Inc reased f low was ach ieved because o f
inc reased l iqu id  head as  we l l  as  the  d i f fe rences  in
vapor  p ressure ,  sur face  tens ion  and v iscos i ty  o f
e thano l  as  compared to  gaso l ine .
Tab le  3  shows these resu l ts  us ing  an  arb i t ra ry
sca le  f  o r  the  f  loa t  leve l  a t  d i f fe ren t  RPMs and oroo fs
o f  e thano l .  In  th is  tes t  an  inc rease in  je t  s ize  o f  10  to
150/o wds suff ic ient,  but the conclusion reached was
that the actual jet size needed in the carburetor must
be found by experiment.
Ad jus t ing  the  carbure tor  a lso  ad jus ts  the
equ iva lence ra t io ,  tha t  i s ,
actual air l f  uel  rat io
stoichiometr ic air / fuel  rat io.
The equ iva lence ra t io  a f fec ts  the  fue l  economy,
thermal  e f f i c iency  and power  ou tpu t  o f  the  eng ine .
F igure  2  (Un ivers i ty  o f  Santa  C lara ,  1978)  shows
tha t  the  f  ue l  economy o f  an  eng ine  opera t ing  on  200
proof  e thano l  i s  bes t  when the  equ iva lence ra t io  i s
a p p r o x i m a t e l y . S ,  w h i c h  i s  i n  t h e  l e a n  r e g i o n .  F i g u r e
3  (Un ivers i ty  o f  Santa  C lara ,  1978)  shows tha t  th is  i s
approx imate ly  the  same equ iva lence ra t io  fo r
max imum thermal  e f f i c iency .  The power  ou tpu t  o f
an  eng ine  is  a lso  g  rea ter  when the  equ iva lence ra t io
is  the  lean reg ion  (<1  0)  However ,  i t  shou ld  be
noted that running an engine on too lean a mixture
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F i g .  2 . - T h e f u e l  e c o n o m y f o r a n  S l  e n g i n e  u t i l i z i n g  e t h a n o l  i s
h igher  than one us ing  indo lene (a  s tandard  gaso l ine  mix )
over  a l l  tes ted  equ iva lence ra t ios  under  s imu la ted  urban
d r i v i n g  c o n d i t i o n s .
Table 3.-Effect of Carburetor Float Adiustment on Fuel Flow.
Carb
Float l n d o l e n e 190 Proof 180 Proof
2 .0
1 .0
2.6
Fue l  lb lh r
A/F
I H P
Fue l  lb lh r
A/F
I H P
Fue l  lb /h r
A/F
I H P
9OO RPM
2.60'1
1 1 . 7 9
3.47
2.484
12.44
4.93
2.270
1 3 . 5 0
3.55
3.404
8.93
4.51
2.984
10.27
3 . 9 1
2.678
' 1 1 . 5 4
2.30
4.291
9 . 1 8
4.20
2.874
1 0 . 6 0
3.45
( R o u g h
r u n n i n g  a n d
m i s f  i r i n g )
1 .0
2.0
2.6
Fue l  lb /h r
A/F
I H P
Fue l  lb /h r
A/F
I H P
Fue l  lb /h r
A/F
I H P
1 , 2 0 0  R P M
2.829
12.72
6.41
2 . 5 1 6
1 4 . 3 0
6.43
2.410
14.75
6.43
4 . 5 1 3
8.09
5.93
4 . 1 0 5
9 . 1 0
5.58
3.862
9.67
5.79
4 . 1 5 5
8.50
5.45
3.863
8.90
7 . 1 7
3.749
9.29
4.78
1 . 0
2 .0
2 .6
Fue l  lb /h r
A/F
I H P
Fue l  lb /h r
A/F
I H P
Fue l  lb /h r
A/F
I H P
1 , 5 0 0  R P M
2.996
13.12
6.39
2.811
14.05
6.50
2 . 4 1 1
16.47
6.23
4.947
8 . 1 8
6.55
4.728
8.71
6.33
5.547
8.97
6.08
4.884
8.45
6.01
4.622
9.23
5.67
4.476
9.53
5.57
can result  in burnt valves. A lot  of  pract ical  experi-
ence a t tes ts  to  th is  conc lus ion .  Runn ing  an  eng ine
on a  r i ch  mix tu re  s t i l l does  no t  e l im ina te  the  advan-
tage o f  e thano l  over  gaso l ine  fo r  thermal  e f f i c iency
and economy as  seen in  F igures  2  and 3 .
Preheating Air-Fuel Mixture
As mentioned previously,  heat ing the air-etha-
no l  fue l  m ix tu re  requ i res  2 .5  t imes more  heat  fo r
vapor iza t ion  than does  gaso l ine .  For  th is  reason
some addit ional heat may be desirable for the air-
f  uel  mixture before i t  enters the cyl inder.  Two of the
tests reviewed used some addit ional heat and two
d id  no t .
In a test performed in 1948, a gasol ine t{actor
was modif ied to run on 950/o ethanol (Meyer,  1948).
In this test the exhaust gases were recycled to
provide the extra heat in two di f ferent ways. In one
part  of  the test the recycled exhaust gases were
mixed d i rec t l yw i th  the  in take  a i r .  The o ther  method
used was to heat the intake air  with the exhaust
th rough a  heat  exchanger .  Th is  second method
seemed to be more sat isfactory.
In another test f rom Brazi l  the exhaust gases
were also recycled to provide more heat for the
in take  a i r  on  a  f  our -cy l inder ,  1 .6  l i te r  eng ine  (Pau l ,
1979).  However,  in this test i t  was shown that
--
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Fig .  3 . -The ind ica ted  thermal  e f f i c iency  o f  an  S l  eng ine
u s i n g  e t h a n o l  i s  h i g h e r  t h a n  o n e  u s i n g  i n d o l e n e  ( a  s t a n d a r d
gaso l ine  mix )  over  a l l  tes ted  equ iva lence ra t ios  a t  WOT o f
2 ,000 RPM.
prob lems can resu l t  f rom excess ive ly  p reheat ing
the  in take  a i r .  In  the  ear ly  tes ts  the  in take  a i r  was
e x c e s s i v e l y  p r e h e a t e d ,  c a u s i n g  s e v e r e  e n g i n e
k n o c k ,  r e s u l t i n g  i n  t h e  d e s t r u c t i o n  o f  t h e  e n g i n e .
Cold Start  Modif icat ion
O n e  o f  t h e  m a i n  p r o b l e m s  i n  u s i n g  e t h a n o l  i n  a n
eng ine  is  lowtempera ture .  Th is  p rob lem ar ises f rom
the fac t  tha t  e thano l  reou i res  more  heat  fo r  vaoor i -
zat ion than gasol ine. Saturafed ethanol vapors are
too lean to ignite below 50" F and starting problems
become signif  icant below 40" F (Kel ler,  1979).
The co ld -s ta r t  o rob lem wi th  e thano l  can  be
overcome in  severa l  d i f fe ren t  ways .  F i rs t  i s  the  use
of  add i t i ves .  In  onetes t  i twas foundtha t  the  add i t ion
o f  100/o  gaso l ine  to  200 proo f  e thano l  ex tended the
co ld -s ta r t  ab i l i t y  f rom the  or ig ina l  40oF down to
3 2 " F  ( C h u i ,  1 9 7 9 ) .  A n o t h e r  a d d i t i v e  t h a t  r e p o r t e d l y
has  good resu l ts  in  overcoming co ld  s ta r ts  i s  e ther
(Ke l le r ,  1979) .  There  is  commerc ia l l y  ava i lab le  an
ether  in jec t ion  sys tem fo r  d iese l  eng ines  (H i l l ,
1  980) .
Another  s imp le  co ld -s ta r t  sys tem has  been
used.  Th is  sys tem is  shown in  F igure  4 .  l t  cons is ts  o f
a  seconc ia ry  gas  tank  fo r  gaso l ine  ( the  s ta r t ing  fue l ) ,
a  secondary  e lec t r i c  fue l  pump,  and a  togg le  swi tch
to engage the cold-start  system and needle valves to
comple te ly  shut  o f f  the  co ld -s ta r t  sys tem.  Vo lks-
wagen has  come up w i th  a  s imi la r  co ld -s ta r t  sys tem.
F i g .  4 . - T h i s  i s  a  d i a g r a m  o f  a  d u a l J u e l  s y s t e m  u s i n g  g a s o -
l ine  as  a  co ld -s ta r t ing  f  ue l .  The sys tem requ i res  a  separa te
s torage tank ,  fue l  pump and f  ue l  f  i l te r .
Other methods that have been used to over-
come the  co ld -s ta r t  p rob lem inc lude us ing  a  350
wat t  res is tance heater  in  the  in take  man i fo ld
(Schrock ,  1979) ;  us ing  e lec t r i c  g low p lugs  in  the
m a n i f o l d  ( H u n t ,  1 9 7 9 ) ;  o r  u s i n g  a n  e l e c t r i c  s c r e e n
gr id  be tween the  carbure tor  and in take  man i fo ld  to
heat  the  a i r - fue l  m ix tu re  (H i l l ,  1980) .  Th is  las t
sys tem is  shown in  F igure  5 .  Whenever  co ld -s ta r t
p rob lems are  encountered ,  the  dr iver  tu rns  on  the
key  f  o r30  seconds to  le t  the  gr id  warm up.  Then the
car is started as usual.
Fig .  5 . -Th is  i s  a  d iagram o f  a  co ld -s ta r t  sys tem tha t  uses  a
gr id  o f  heater  w i re  to  heat  the  a i rJue l  mix tu re  a f te r  i t  leaves
the  carbure tor  and be fore  en ter ino  the  in take  man i fo ld .
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Another problem encountered with ethanol at
very high temperatures vvas vapor lock. ln one study
it was f ound that vapor lock in the f uel pump became
a problem at temperatures above 173"F (Kel ler,
1 979).
I  rreversible Modif  icat ions
Modif  icat ions that are i rreversible are ones that
are hard to remove. They also are usually more
expensive, require more expertise, and can be very
hazardous when the engine fai ls.  Modif icat ions in
th is  ca tegory  inc lude:
1 .  camshaf t  change,
2 .  inc reas ing  the  eng ine  compress ion  ra t io ,  and
3. using turbochargers or superchargers.
Camshaft  Change
In  the  s tudy  on  the  1979 Ford  F ies ta  (ADM
Corp . ,  1980)  the  camshaf t  was  changed.  Accord ing
to  the  s tudy  th is  was done to  p rov ide  more  low RPM
torque, easier start ing and better f  uel  economy. The
deta i l s  o f  th is  change and the  o ther  mod i f i ca t ions
made are shown in Table 4.
Table 4.-1979 Ford Fiesta Specifications.
O r i g i n a l Mod i f i ed
cy l inder  has  121 o  f  o r  combust ion  and expans ion  to
take  p lace ,  wh i le  the  eng ine  mod i f ied  to  run  on
ethano l  had 132 '  fo r  combust ion  and expans ion  to
take place.
Change in Compression Rat io
In al l  of  the tests reviewed, the compression
rat io was increased to take advantage of the high
octane rat ing of ethanol to produce more power.
One study suggested increasing the compression
ra t io  to  somewhere  be tween 10  to  15 :1  (F lowers  e t
al . .  1979).  Two of the studies reviewed fol lowed this
recommendat ion .  The s tudy  on  the  Ford  F ies ta
(ADM Corp . ,  1980)  inc reased the  compress ion  ra t io
f  rom 8 .6 :1  to  12 .5 :1  .  The Braz i l ian  s tudy  (Pau l ,  1979)
increased compression rat io trom 7 .2:1 to ' l  1 . '1 .
The study performed on the tractor in 1948
(Meyere t  a l . ,  1948)  d id  no t fo l lowth is  recommenda-
t ion. Rather,  the compression rat io was increased
f rom 6 .4 : '1  to  7 .35 :1 .  The reason fo r  th is  re la t i ve ly
lower  compress ion  ra t io  was tha t  a l l  eng ine  com-
pression rat ios at that t ime were much lower than
those of today.
The comoression rat io can be increased several
d i f fe ren t  ways .  They  inc lude ins ta l l ing  d i f fe ren t
p is tons ,  shav ing  the  head or  us ing  a  th inner  head
gasket .  Even though some o f  these mod i f i ca t ions
are  easy  and inexpens ive  to  do ,  one th ing  must  be
emphasized. The increase in compresslon rat io can
damage or even destroy an engine if the other parts
of the engine are not strong enough to handle the
increased power or cylinder pressures.
A l l  o f  the  tes ts  ment ioned prev ious ly  inc reased
the compression rat io to take advantage of ethanol 's
h igh  oc tane ra t ing  to  inc rease the  power  ou tpu t  o f
the  eng ine .  Another  way to  take  advantage o f  the
h igh  oc tane ra t ing  o f  e thano l  to  inc rease the  power
outpu t  o f  the  eng ine  is  to  ra ise  the  compress ion
pressure  o f  the  eng ine  by  tu rbocharg ing .  Tab le  5
s h o w s  t h e  t h e o r e t i c a l  e q u i v a l e n t  c o m p r e s s i o n
ra t ios  fo r  d i f fe ren t  inc reases  in  the  a i r  p ressure
(Goer ing ,  1979) .
Table 5.-Equivalent Compression Rat ios of Tu rbo-
charged Engine.
Actual
compress ion
rat io
Equ ivalent compression rat io
at boost pressure of:
5  ps i 1 0  p s i 1 5  p s i
Pr imary  Fue l
Bore
Stroke
Tota l  Cub ic  Inch
Compress ion
Rat io
C a m  T i m i n g
In take :
Open
Close
Exhaust
O p e n
Close
l g n i t i o n  T i m i n g
(stat ic)
Un leaded
Gaso l ine
3 . 1 8 8
3.056
97.6 (1,600cc)
8 .6 :1
29" (Before TDC)
63' (After BDC)
71"  (Before  BDC)
21"  (A f te r  TDC)
'12"  (Before  TDC)
Ethyl
A lcoho l -
3.000
3.056
86.4
( 1 , 4 1 6 c c )
12.5:1
1 6 "
540
540
1 6 "
o -
.180 proof (900/o ethyl  alcohol:  10o/o water) or 200 proof ethyl
alcohol.  Other at ios mav also be tr ied.
I t  i s  in te res t ing  to  no te  tha t  even though the
ign i t ion  t im ing  was re ta rded in  th is  tes t ,  there  is  s t i l l
more  t ime fo r  combust ion  to  take  p lace  w i th  the
ethano l .  Th is  ex t ra  t ime is  needed because thano l
burns  s lower  than gaso l ine .  The or ig ina l  eng ine
7
8
o
1 0
1 1
1 2
8 . 8
1 0 . 0
1 1 . 3
12.5
1 3 . 8
1 6 n
10.4
1 1 . 9
13.4
1 4 . 9
16.4
1 7 . 9
12.0
13.7
1 5 . 5
17.2
1 8 . 9
20.6
A tu rbocharger  uses  exhaust  gases  to  d r ive  a
tu rb ine  connected  to  another  tu rb ine  tha t  fo rces
outs ide  a i r  th rough the  carbure tor .  The a i r  tha t  i s
f  o rced th rough the  carbure tor  causes  an  inc rease in
the  combust ion  pressure .  One drawback  o f  the
turbocharger  i s  tha t  the  exhaust  does  no t  have
enough power  to  e f fec t i ve ly  run  the  sys tem unt i l  a
re la t i ve ly  h igh  eng ine  RPM is  reached,  usua l ly  2 ,500
to  3 ,000 RPM (Lynch,  1979) .
Supercharg ing  overcomes the  tu rbocharger
drawback. A supercharger operates on the same
pr inc ip le  as  a  tu rbocharger  bu t  ins tead o f  be ing
dr iven  by  the  exhaust  gases ,  i t  runs  o f f  the  eng ine
us ing  a  be l t -d r ive  mechan ism.  There fore ,  the
supercharger operates at al l  RPM levels.
There  are  drawbacks  in  us ing  a tu rbocharger  o r
supercharger  to  inc rease the  compress ion  pressure
in  o rder  to  inc rease power .  One is  the  cos t .  The k i ts
cur ren t ly  ava i lab le  commerc ia l l y  range in  p r ice
f rom $600 to  $1 ,200 (Lynch,  1979) .  Th is  makes the
turbocharger  o r  supercharger  a major  inves tment .
The o ther  d rawbacks  o f  these un i ts  a re  me-
chan ica l .  The increase in  cy l inder  p ressure  dur ing
combust ion  may cause increased wear  on  many
eng ine  par ts .  However ,  in  one tes t  per fo rmed on a
f  our -cy l inder  eng ine ,  i t  was  found tha t  as  long as  the
pressure increase was kept moderate (overal lpres-
sure of 55 to 60 bars) no harm was done to the
bear ings ,  push rods  or  c rankshaf t  (Sp ind le r ,  1978) .
In add i t ion to the increased pressu re there is an
increase in the heat needed to be dissipated from
the eng ine .  The tes t  ment ioned prev ious ly  (Sp ind-
le r ,  1978)  used a  spec ia l ,  s tee l  cy l inder  head gasket ,
increased the valve stem clearance to avo id bu rnt o r
s t i ck ing  va lves ,  and mod i f ied  the  coo l ing  sys tem to
avo id  p rob lems w i th  the  cy l inder  head c rack ing .  l t
has  a lso  been found tha t  us ing  bronze va lve  gu ides
overcame the  va lve  prob lems (Lynch,  1979) .
The h igh  amount  o f  heat  d iss ipa ted  f rom the
exhaust  man i fo ld  a lso  caused prob lems (Sp ind le r ,
1978) .  In i t ia l l y  the  inc rease in  heat  caused bo th  the
exhaust  man i f  o ld  and the  tub ing  used to  recyc le  the
exhaust to crack. This problem was overcome by
modi fy ing  the  exhaust  man i fo ld  and tub ing .  Even
though there  are  severa l  mechan ica l  p rob lems w i th
us ing  tu rbochargers  o r  superchargers ,  they  a l l  can
be overcome as they were in this test.
One fac t  wor th  ment ion ing  is  tha t  the  f  ue l  used
in  the  prev ious ly  ment ioned tes t  was  gaso l ine .
F igure  6  (Pyre ,  1937)  shows tha t  a lcoho l  (195 proo f )
as compared to gasol ine, gives more heat to the
exhaust  and less  heat  to  the  cy l inder  wa l ls  (coo l ing
water )  when run  in  an  eng ine  w i thout  tu rbocharg ing
or  supercharg ing .  From th is  i t  m igh t  be  conc luded
tha t  opera t ion  on  a lcoho l  migh t  decrease the  prob-
lems caused by the increased heat enter ing the
eng ine ,  wh i le  inc reas ing  the  prob lems caused by
the increased heat leaving the engine.
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Fig.  6. -Heat  d is t r ibut ion in  an Sl  engine us ing ethanol  or
gasol ine.  A higher percentage of  heat  is found in the exhaust
and in engine horsepower,  but  a lower percentage of  heat  is
found in cool ing water  when fueled wi th ethanol  over  a l l
eouivalence rat ios.
Aga in ,  asw i th  t hecompress ion  ra t i o  i nc rease ,  i f
t he  pa r t s  o f  t he  eng ine  a re  no t  s t rong  enough  to
hand le  t he  i nc reased  power ,  t he  eng ine  may  be
damaged or  destroyed.
Mechanical  Modif icat ions Required
for Use of Ethanol as Fuel in a
Diesel  Engine
As ment ioned be fore ,  the  d iese l  eng ine  is  no t
we l l -su i ted  to  the  use  o f  e thano l .  Bu t ,  four  bas ic
approaches to  us ing  e thano l  in  a  d iese l  eng ine  have
been found:
1  .  conver t  d iese l  eng ine  to  a  h igh  compress ion ,
spark  ign i t ion  eng ine ,
2. modify the diesel to tolerate straight ethanol
in jec t ion ,
3. carburet the ethanol,  and
4.  use  dua l  in jec t ion  o f  e thano l  and d iese l  f ue l .
1 0
One eng ine  tha t  lends  i t se l f  to  th is  convers ion
to  spark  ign i t ion  is  the  855 Cummins  D iese l  Eng ine
(Schrock ,  1979) .  The areas  tha t  requ i re  mod i f i ca-
t ion  inc lude the  p is tons ,  head assembly ,  in take
mani fo ld  ign i t ion  sys tem,  carbure tor  and governor .
Par ts  a re  ava i lab le  fo r  the  convers ion ,  bu t  the
es t imated min imum cos t  fo r  the  mod i f i ca t ions  is
$3,000.
A mul t i fue leng ine ,  deve loped fo r the  mi l i ta ry ,  i s
des igned to  f  unc t ion  us ing  f  ue ls  rang ing  f rom d iese l
o i l  to  low oc tane combat  gaso l ine .  The MAN Diese l
(a lso  known as  the  Meurer  o r  Whisper  d iese l )  has  a
un ique combust ion  chamber  des ign  to  func t ion
smooth ly  us ing  low ce tane fue ls  and low oc tane
gaso l ine  (Schrock ,  1979) .  Th is  d iese l  eng ine  des ign
cou ld  be  the  most  to le ran t  o f  manufac tured  eng ines
to  use  e thano l  w i thout  mod i f i ca t ion .  Th is  eng ine
was offered for l imited agricul ture use by Inter-
nat ional Harvester and White in the last 1 0 years, but
i t  i s  no t  p resent ly  ava i lab le .
Another  way to  use  e thano l  in  d iese l  eng ines  is
to  carbure t  e thano l  in to  the  a i r  in take  in  f  ron t  o f  the
turbocharger  (Schrock ,  1979) .  A  k i t  to  do  th is  w i l l
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I  NTAKE
E X H A U S T
I L O T  F U E L
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Fig.  7. -Dual  in jectors f  uel  a d ieselengine.  One in jector  puts
in 300/o of f  uel  energy as a h igh cetane fuel  that  ign i tes due to
heat  of  compression,  and then a second in jector  puts in  the
remainder of  f  uel  energy as low cetane fuel .
soon be  commerc ia l l y  ava i lab le  by  M & W Gear
Company,  G ibson C i ty ,  l l l i no is .  Th is  sys tem uses
the  tu rbocharger  boos t  to  p ressur ize  the  a lcoho l
fue l  tank  in  o rder  to  meter  the  fue l  as  a  f  unc t ion  o f
eng ine  load.  The a lcoho l  fue l  i s  no t  added a t  low
load.  Research  has  ind ica ted  reduced eng ine  e f f i -
c iency  a t  l igh t  load ,  bu t  inc reased thermal  e f f i c iency
over  d iese l  f ue l  may occur  on ly  a t  heavy  load ing .  In
genera l  though,  i t  shou ld  be  assumed tha t  carbure-
t ion  o f  a lcoho l  in to  a  d iese l  eng ine  rep laces  d iese l
f  ue l  on  an  equa l  heat  conten t  bas is  w i th  no  change
in  e f f i c iency  (Schrock ,  1979) .
There  was a  deve lopment  o f  an  a l te rna t ive  d ie -
s e l e n g i n e  w i t h  d u a l  i n j e c t i o n  d u r i n g  W W  l l  i n  w h i c h
the  main  f  ue l ,  a  low ce tane ra ted  fue l ,  i s  in jec ted  w i th
the  a i r  in to  a  d iese l  and a  p i lo t  fue l ,  a  h igh  ce tane
fue l ,  i s  in jec ted  near  the  end o f  the  compress ion
cycle that igni tes, f rom compression heat,  the total
f  ue l  m ix tu  re  (Bro  e t  a | . ,1977) .  See F ig  u re  7 .  The low
cetane main  fue l  makes up  approx imate ly  70  per -
cent of the total  fuel  energy. Research efforts have
ut i l i zed  on ly  200 proo f  e thano l  as  a  main  fue l ,  bu t
there  seems to  be  no  l im i ta t ion  o f  us ing  an  e thano l
f  uel  that has a lower proof.
Comparison of  Engine Performance
on Ethanol  and Gonvent ional  Fuels
Fuel Economy
The volumetric fuel economy of S/ englnes
using ethanol as a fuel  is not as good as that of  the
same engines operating on gasoline. The maior
reason for this is that ethanol does not contain as
much energy per unit volume or per unit weight as
gasol ine. Pure ethanol (200 proof) contains 650/o f
t h e  e n e r g y  p e r  u n i t  v o l u m e  a n d  6 1 %  o f  t h e  e n e r g y
p e r  u n i t  w e i g h t  w h e n  c o m p a r e d  t o  g a s o l i n e
(Schrock ,  1979) .  There fore ,  when compared to
gaso l ine ,  more  e thano l  i s  requ i red  to  do  the  same
work  in  an  eng ine .
The above is  conf i rmed in  a l l  o f  the  s tud ies
reviewed. But di f ferent tests give di f ferent results
depend ing  on  the  eng ine  and the  mod i f i ca t ions  o f
the engine. ln a test perf  ormed inBrazi l ,  i t  was found
tha t  vo lumet r ic  fue l  consumpt ion  was 5  to  10  0 /o
h igher  fo r  200 proo f  e thano l  as  compared to  gaso-
l ine  (Mue l le r ,  1978) .  Another  tes t ,  o f  wh ich  the
resu l ts  a re  shown in  F igure  8  (Mue l le r ,  1978) ,  shows
tha t  the  spec i f  i c  energy  consumpt ion  in  te rms o f  B tu
per  ga l lon  is  about  12o/o  l wer  in  a  low compress ion
eng ine  and 150/o  l wer  in  a  h igh  compress ion  eng ine
for  e thano l  as  compared to  gaso l ine .  Th is  imp l ies
tha t  h igher  compress ion  ra t io  eng ines  are  more
ef f i c ien t  in  us ing  the  h igher  oc tane va lue  o f  '190
proof  e thano l .
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COMPARATIVE  SPECIF IC  ENERGY
CONSUMPTION OF  ENGINES US ING
NEAT ETHANOL (5% WATER )
AND GASOLINE
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Table 6.-Fuel Eff ic iency ol  a Six-Cyl inder Engine.
Gaso l i ne
(Or ig ina l
Eng ine )
Ethanol  Proof
164 186 200
Fuel ,  gal /hr
(a t  max imum
power)
H P-hr /gal
Thermal
Ef  f  ic iency,
o/o
4.3
11 .7
27
7.44
T . I J
260/o
7 .4
/ . o
25o/o
6.3
8.82
27olo
i l
t t
Fig .  8 . -The compar ison o f  the  spec i f  i c  energy  consumpt ion
of  h igh  compress ion  and low compress ion  S l  eng ines  show
that  the  e thano lJue led  eng ines  requ i re  less  energy  than
gaso l ine- f  ue led  eng ines .  The h igh-compress ion  eng ine  re -
q u i r e s  l e s s  e n e r g y  t h a n  t h e  l o w - c o m p r e s s i o n  g a s o l i n e
e n g  i n e .
As the proof of ethanol increases the volumetr ic
f  ue l  economy improves .  As  expec ted ,  th is  i s  due to
the fact that increasing the proof increases the
vo lumet r ic  energy  conten t  o f  the  e thano l .  Tab le  6
(Hunt ,  1  980)  ind ica tes  th is  in  te rms o f  the  range o f  a
veh ic le  opera t ing  on  e thano l  as  compared to  gaso-
l ine .  A  f  ue l  tank  tha t  wou ld  car ry  a  veh ic le  200 mi les
on gaso l ine  wou ld  go  135 mi les  on  200 proo f
e thano l ,  95  mi les  on  160 proo f  e thano l  and 60  mi les
on 120 proo f  e thano l  (Schrock ,  1979) .
Power Output
The power output of ethanol was greater in al l
of  the tests reviewed when compared to gasol ine.
One s tudy ,  wh ich  compared 190 proo f  e thano l  and
gasol ine, showed a 30/o increase in power output for
ethanol at  the same compression rat io (Schrock,
1  979) .
Another  s tudy  tha t  used 7 .2 :1  compress ion
r a t i o  f o r  g a s o l i n e  o p e r a t i o n  a n d  a n  1 1 : 1  c o m p r e s -
sion rat io tor 192 proof ethanol showed an even
greater power increase. The maximum horsepower
increased 18 .7o /0 ,  wh i le  the  max imum torque in -
creased 20.5o/o on ethanol operat ion (Paul,  1979).
The increase in  power  ga ined f rom e thano l  i s  shown
in  F igure  9  (Hunt ,  1980)  as  a  func t ion  o f  RPM.  In  th is
tes t  the  s ix -cy l inder  eng ine  runn ing  on  e thano l  had
the compression rat io increased from 7.5:1 to 8.45:1 ,
a reworked carburetorand a heated intake manifold.
Fig .  9 . -The ind ica ted  horsepower  o f  an  S l  eng ine  ind ica tes
tha t  the  e thano l  f  ue led  eng ine  a t  a l l  p roo f  s  was h igher  than
the  gaso l ine  eng ine  a t  the  ra ted  RPM.
r,7oo RATED lsOO tpOO
R E V O L U T I O N S  P E R  M I N U T E
C Y L I N D E R -  2 4 0  C U B I C  I N C H E S )
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Figure  10  (Un ivers i ty  o f  Santa  C lara ,  1978)
shows the  horsepower  as  a  func t ion  o f  equ iva lence
ra t io  fo r  bo th  gaso l ine  and commerc ia l  g rade
ethano l .  The eng ine  opera ted  on  e thano l  used the
Deressera tor  Induc t ion  Sys tem.  E thano l  fue l  gave
greater  b rake  horsepower  in  compar ison  to  indo-
lene (a  s tandard  gaso l ine) .
Fig .  1o . -The brake horsepower  o f  an  S l  eng ine  f  ue led  w i th
e thano l  i s  h igher  than eng ines  f  ue led  w i th  indo lene over  the
tested eouivalence rat ios at 2.000 RPM.
I n  F i g u r e  1 1  ( M u e l l e r ,  1 9 7 8 )  t h e  p e r c e n t a g e
power  inc reases  are  shown fo r  bo th  a  h igh  com-
press ion  ra t io  eng ine  and a  low compress ion  ra t io
eng ine  opera t ing  on  190 proo f  e thano l  as  compared
to  gaso l ine .  The eng ine  opera t ing  on  e thano l  had
m o d i f i c a t i o n s  o n  t h e  c a r b u r e t o r  a n d  i g n i t i o n
system.
Safety in Handl ing Ethanol
Ethano l  i s  no t  h igh ly  tox ic  bu t  some d iscom-
f  o r ts  have been known to  occur  i f  the  f  umes are
inha led  f  o r  a  long per iod  o f  t ime in  a  poor ly  vent i -
la ted  area  (Mue l le r ,  1978) .  The d iscomfor ts  assoc i -
a ted  w i th  p ro longed inha la t ion  inc lude cough ing ,
eye irr i tat ion and headaches.
The s to rage o f  e thano l  must  be  hand led  d i f fe r -
en t ly f  rom tha t  o f  gaso l ine .  For  max imum safe ty  and
to  reduce losses  dur ing  s to rage,  e thano l  shou ld  be
s tored  in  wh i te  tanks  in  a  shaded area .  The tanks
shou ld  be  equ ipped w i th  p ressure-vacuum re l ie f
f  i l  l e r  cups .  No rubber  hoses  or  sea ls  shou ld  be  used
wi th in  the  sys tem in  o rder  to  avo id  leaks  caused by
the  de ter io ra t ion  o f  rubber  when in  contac t  w i th
e thano l  (R ider  e t  a l . ,  1979) .
E thano l  i s  to ta l l y  d i f fe ren t  f rom gaso l ine  in  tha t
i t  does  mix  w i th  water .  For  th is  reason e thano l
shou ld  never  be  s to red  in  a  tank  where  there  is  any
water  o r  there  ex is ts  a  poss ib i l i t y  o f  water  coming
in to  contac t  w i th  the  e thano l .  Th is  a lso  inc ludes
pro longed exposure  to  h igh  humid i ty  a i r .
Ethanol burnswith a nearly invisible blue flame,
while gasoline or diesel burns with a highly visible
yel low or orange t lame. Sometimes the only de-
tec tab le  fea ture  o f  burn ino  e thano l  i s  the  heat
waves.
F i g .  1 1 . - T h e  c o m p a r a t i v e  p o w e r  o u t p u t  o f  a  h i g h  a n d  a  l o w
compress ion  eng ine  f  ue led  w i th  e thano l  i s  h igher  than when
f  ue led  w i th  gaso l ine .
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Tabfe 7.-NFPS Hazard ldentification Signals.
Hea l th Fire React iv i ty Ex t ingu ish  Agent
Methano l
Ethano l
Gaso l ine
a 0
safe
1 a a lcoho l  foam,  COz or  d ry
chemica l
water.  alcohol foam, CO2 or
dry  chemica l
foam,  COz or  d ry  chemica l0
4
severely hazardous
Ethano l  a lso  d i f fe rs  f rom gaso l ine  in  the  k ind  o f
ex t ingu ish ing  agent  tha t  may be  used on  i t  in  case o f
f  i re.  Listed in Table 7 are the NFPS hazard ident i f i -
ca t ion  s igna ls  fo r  two types  o f  a lcoho l  and gaso l ine
(Pau l ,  1979) .
Deterioration of Materiats in
Contact with Ethanol
Ethanol has been found to be corrosive to
several materials that are exposed within the engine
or fuel system of the vehicle. ln the fuel system,
ethanol has been found to be corroslve to polya'
mide filter housings, polyurethane and polyester
bonded fiberglass (Schrock, 1979). For this reason
it  is recommended that al lhoses and the f  uel  pump
diaphragm be made of neoprene rubber, a material
compatible with ethanol (Nerpel,  1980).
Ethanol is also corrosive to metals,  such as
s tee l ,  a luminum and copper .  The ex ten t  to  wh ich  i t
corrodes these mater ials can be shown by an
example using the relat ive corrosion rates of these
meta ls  when immersed in  200 proo f  e thano l  a t  room
temperature (Persiantseva et al . ,  1980).  Assuming
an 8-gauge meta l  ( th ickness  o f  .128 inches)  used in
a storage tank or a piece of tubing, i t  would take the
ethanol 32 years to completely penetrate the steel,
31  .1  7  years  fo r  the  a luminum and 182.9  years  fo r  the
copper.
The proo f  o f  the  e thano l  a lso  in f luences  the
corrosion rates of these metals in ethanol.  l f  the
metals are immersed in 90 proof ethanol instead of
the 200 proof ethanol,  the steel 's corrosion rate
would increase 2.3 t imes, the copper would increase
1.6  t imes,  and the  a luminum wou ld  decrease 4 .1
t imes (Pers ian tseva e t  a l . ,  1980) .
Temperature also affects the corrosion rate of
metals.  l f  the temperature increases from 80'F to
280" F the corrosion rate for steel in ethanol goes up
f  rom .004 inches  per  year  to  .05  inches  per  year ,  an
increase o f  12 .5  t imes (Per ry ,  1  973) .
I t  shou ld  be  no ted  tha t  there  is  another  p rob lem
wi th  hav ing  a luminum in  contac t  w i th  e thano l .
When ethanol and water come into contact with
a l u m i n u m  t h e y  p i c k  u p  a l u m i n u m  o x i d e  f o r m i n g  a
mi lky  wh i te  s ludge (Schne ider ,  1979) .  l t  i s  recom-
mended tha t  any  a luminum tha t  migh t  come in
contact with the ethanol be replaced because the
s ludge cou ld  c log  f i l te rs  and f  ue l  l ines .
Zinc is also incompatible with ethanol. In one
tes t ,  the  veh ic le  conta ined a  z inc- l ined  gas  tank  tha t
had to  be  rep laced w i th  a  s ta in less  tee l  tank  (H i l l ,
1980) .  S ta in lesss tee l  i sknown to  be  h igh ly  res is tan t
to corrosion by ethanol even at high temperatures.
As  a  consequence o f  the  incompatab i l i t ies
associated with ethanol,  i t  is recommended that the
f ol  lowi n g areas be chec ked f  or com patabi Ii ty before
runn ing  an  eng ine  on  e thano l  (F lowers  e t  a l . ,  1979) :
r  carburetor f loat,
o carburetor needle and seat,
o cdrburetor f i l ter (plast ic gasket),
o  f  ue l  f i l te r  (p las t i c ) ,
o  f  ue l  l ines ,
o  f  ue l  pump (p las t i c  and rubber  par ts )  and
o f  ue l  tank .
Pollutant Emissions Levels of
Engines Using Ethanol
There are conf l ict ing reports on the effects of
e thano l  use  on  the  exhaust  emiss ions  o f  eng ines .
These conf l i c ts  resu l t  ma in ly  f rom us ing  d i f fe ren t
eng ines  and d i f fe ren t  methods  o f  eva lua t ing  the
emiss ions .  In  Tab le  8  (Pau l ,  1979)  the  exhaust
compos i t ion  o f  an  eng ine  opera t ing  on  e thano l  i s
shown.  The eng ine  had a  d isp lacement  o f  2 .3  l i te rs
and a modif ied carburetor.
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Table 8.-Exhaust Composit ion from Neat Ethanolby FTIRS and Other Methods.
C o m p o u n d
FTIRS
Amount  a t
4  Hours
( p p m )
Amount  a t
2 6  H o u r sError
Water
Carbon d iox ide
Carbon monox ide
Heavy hydrocarbons (Cu+1
Ni t r i c  ox ide
Ni t rogen d iox ide
Ni t rous  ox ide
Ni t rous  ac id
Hydrogen cyan ide
A m m o n i a
S u l f u r  d i o x i d e
Methane
Acetylene
Ethy lene
Ethane
Propy lene
lsobutane
Formaldehyde
Acetaldehyde
Formic  ac id
Methano l
Ethano l
Total  NOX
Total  HC
1 . 1 0 .
1 . 0 8 -
488.
0 . 3 * *
14.4
46.9
0 .4
2 .4
0 . 1
0
0.3
8 . 7 * "
4 .6"  *
26.0
1 . 8 * *
0 . 5 * *
3 . 0 * *
8 . 8 . -
57 .4**
0 . 6 . .
7 .6*  *
1 9 4 . - .
63.7
3 1 3 . 3 * .
0 .2
0 .2
1 8 . 4
14.7
0 .6
0 .6
0 .2
0 .2
0 .4
o.2
0.4
0 .2
0 .4
0 .9
0 .4
'1 .8
1 . 8
0 .2
1 . 6
0 .2
0 .2
o:
o.52
1 . 0 7
490.
0 .
4 .0
3 1 . 5
0 .4
2 .2
0
0 . 1
t l
8.8
A A
26.0
1 . 7
0 .6
e 6
7 . 8
55.6
0 .2
6 .4
1 68.
37 .6
280.0
* o/o
' .  ppm carbon
N01 Emiss ions
I t  was  found tha t  NOX emiss ions  were  genera l l y
less  fo r  e thano l  as  compared to  gaso l ine .  Th is  he ld
t rue  except  in  the  very  lean and very  r i ch  reg ions .
F igure  12  (Un ivers i ty  o f  Santa  C lara ,  1978)  po in ts
th is  ou t  in  g raph ica l  fo rm.
The amount  by  wh ich  the  NOy emiss ions  de-
crease varies between tests.  One test reported
reduc t ion  o f  55  to  60  % us ing  e thano l  a t  the  same
equ iva lence ra t io  (Pau l ,  1979) .  Another  tes t  found
that reduct ion to be 8 to 12 o/o al  the same equiva-
lence ra t io  (Un ivers i ty  o f  Santa  C lara ,  1978) .
CO Emissions
The CO emiss ionswere  found to  be  lowerwhen
opera t ing  on  e thano l  than w i th  gaso l ine .  One tes t
re po rted that CO em i ssions were red uced 30 to 60 0/o
when opera t ing  on  e thano l  a t  the  same equ iva lence
rat io (Universi ty of Santa Clara, 1978).
Unburned Fue l  Emiss ions
The unburned f ue l  emiss ions  were  found to  be
h igher  fo r  e thano l  than fo r  gaso l ine .  One tes t  w i th
the  same eng ines  opera t ing  a t  the  same equ iva lence
rat io,  reported increases of 6 to 25 0/o (Universi ty of
S a n t a  C l a r a , 1 9 7 8 ) .  I n  F i g u r e  1 3  ( M u e l l e r ,  1 9 7 8 ) t h i s
increase is  a lso  shown except  in  the  r i ch  reg ion .
Aldehyde Emissions
I t  shou ld  be  no ted  tha t  a t  the  present  t ime
a ldehyde emiss ions  are  no t  federa l l y  regu la ted .  But
the  a ldehyde emiss ions  f  rom e thano l  opera t ion  are
much h igher  when compared to  opera t ion  on  gaso-
l ine .  In  one tes t ,  w i th  the  carbure tor  and d is t r ibu tor
modif  ied, a 5Oo/o i  ncrease was f  ound (Ch u i ,  1 979).  I  n
F igure  14  (Un ivers i ty  o f  Santa  C lara ,  1978)  a  la rger
increase is  shown.  The increase shown f rom th is
graph ranges f rom th ree  to  s ix  t imes the  gaso l ine
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Fig .  12 . -The n i t rogen ox ides  emi t ted  f  rom an S l  eng ine
f  ue led  w i th  e thano l  and indo lene are  near ly  equa l  fo r  a l l
equ iva lence ra t ios  except  in  the  0 .9  to  1 .0  range where  the
ethano l  f  ue led  eng ines  emi t  cons iderab ly  less  NOy.
opera t ion  va lues .  One tes t  repor ted  tha t  a  s tandard
cata ly t i c  conver te r  can  e l im ina te  the  prob lems o f
a l d e h y d e  m i s s i o n s  ( H i l l ,  1 9 8 0 ) .
One prob lem po in ted  ou t  in  the  emiss ions  tes ts
was the  mald is t r ibu t ion  be tween cy l inders  ( fa i lu re
o f  f  ue l  to  d is t r ibu te  ven ly  among cy l inders )  resu l t -
ing  f rom the  use  o f  e thano l .  l t  was  found tha t  th is
prob lem increased w i th  inc reas ing  veh ic le  speed
( C h u i ,  1 9 7 9 ) .  T h e  m a l d i s t r i b u t i o n  v a r i e d  t h e  e m i s -
s i o n s  f r o m  o n e  c y l i n d e r  t o  t h e  n e x t ,  b u t  i t  i s  n o t
known what  e f fec t  th is  o rob lem has  on  o ther  a reas
of  eng ine  opera t ion  on  e thano l .
Engine  Durab i l i t y
Using Ethanol
There see/ns to be some conflict between re-
ports on the effect of  ethanol on engine durabi l i ty.
One s tudy  repor ted  no  documented inc idences  o f
eng ine  cor ros ion  due to  e thano l  use .  l t  s ta ted  tha t
the  eng ine  cor ros ion  a t t r ibu ted  to  e thano lwas rea l l y
a  resu l t  o f  the  denaturan t  o r  o ther  add i t i ves  used in
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F ig .  13 . -The  unbu rned  f  ue l  em iss ions  f  r om an  S l  eng ine
f  ueled wi th ethanol  are equivalent  to  engines fueled wi th
indolene.  The unburned f  uel  emiss ions are greater  f  or  indo-
lene when the equivalence rat io  is  h igher  than 1.0.
t he  e thano l  (R ide r  e t  a l . ,  1979 ) .  Ano the r  s tudy
conducted  dur ing  the  w in te r ,  on  shor t  t r ips  and
stop-and-go dr iv ing, reported a 1800/o increase in
the  i ron  wear  o f  the  eng ine  p lus  inc reased o i l
v iscos i ty  and ac id  conten t .  l t  went  on  to  say  tha t  the
prob lems are  no t  ser ious  a t  h igher  ambien t  tem-
peratures (Schrock, 1 979).
As  ment ioned ear l ie r ,  in  some tes ts  the  in take
a i r  o f  the  eng ine  us ing  e thano l  i s  p reheated .  l t  was
found tha t  when the  in take  a i r  was  heated  exces-
s ive ly  eng ine  knock  occur red  and the  eng ine  was
dest royed.  The s tudy  recommended keep ing  the
tempera ture  o f  the  eng ine  par ts  be low 290 'C (Pau l ,
1  979) .
Another  p rob lem ment ioned in  one paper  was
tha t  va lve  recess ion  migh t  occur  in  o lder  mode l
engrnes  opera t ing  on  e thano l  (Schrock ,  1979) .  Th is
prob lem can a lso  occur  in  o lder  mode l  eng ines
opera t ing  on  un leaded gaso l ine .  The prob lem
occurs because of the absence of tetraethyl  lead.
New mode l  cars  a re  equ ipped w i th  va lve  seat  inser ts
t o  e l i m i n a t e  t h i s  p r o b l e m .  l f  t h i s  p r o b l e m  o c c u  r s  i t  i s
recommended tha t  va lve  seat  inser ts  be  o laced in
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the heads orthat the heads be replaced with a newer
mode l .
Fr ict ion and wear character ist ics of var ious
fue lswere tes ted  by  Ba i lye t  a l .  (1  979)  in  accordance
with ASTM standards. The lubr icat ion performance
of ethanol was poorer than diesel fuel ,  but i t  was
super io r  to  gaso l ine .
In  dua l  in jec t ion  d iese l  eng ines  (one in jec t ing
both  e thano l  and d iese l  fue l )  the  prob lem o f  heavy
knock  occur red  when the  in take  a i r  was  heated
excessively.  l t  was found that at  air  temperatures
above 200"C the  e thano l  se l f - ign i ted  dur ing  the
compression stroke (Bro et al . ,1977).
PINTO A3OO CC ENGINE
M B T  S P A R K  T I M I N G
E
I
.L
I
=
0
o
N
o
U'
U'
z
9
an
v,
=
U
lrJ
o
I
td
6
J
2-OO
r . 6 0
aOOO R  PM -  ALL  LOADS
(  B A N D S  I N C L U D E  9 5 %  O F
A C T U A L  D A T A  P O I N T S )
M I
=  = -  O E M  I N D O L E N E  0 . 0 6
-  D S R  E T H A N O L  O .  |  |
I
- 1 -
L E A I {  I  R I C H
\ =\
\ - -
_____..-_
. - . - i . . - -
.\ .\ .\
t . ?
o.
0.40
o.70 0.80 0.90 r .o
E e u r v A L E N c E  n a r t o ,  Q
t . l
Fig .  14 . -The a ldehyde emiss ionsof  an  S l  eng ine fue led  w i th
e thano l  show very  s ign i f i can t  inc reases  a t  low equ iva lence
ra t ios .  When the  equ iva lence ra t io  i s  g rea ter  than 0 .9  the
ethano l  f  ue led  eng ineapproachesthe  indo lenef  ue led  eng ine
but  s t i l l  i s  s ign i f i can t ly  g rea ter .
Deposi ts in Engines
Using Ethanol
ln the studies reviewed ethanol has not been
found to leave any unfavorable engine deposits.
In  one s tudy  prac t ica l l y  no  combust ion  chamber
depos i ts  were  found in  an  eng ine  a f te r  500 hours  o f
opera t ion  on  e thano l  (Meyer  e t  a l . ,  1948) .  In  fac t
e thano l  does  jus t  the  oppos i te .  l t  c leans  depos i ts
ou t  o f  the  eng ine .  l t  has  been found tha t  e thano l ,
be ing  an  exce l len t  so lvent ,  w i l l  loosen up  gums and
depos i ts  a l  ready  fo rmed in  the  eng i  ne .  One prob lem
wi th  th is  i s  tha t  when e thano l  i s  f i r s t  used in  an
eng ine ,  one shou ld  expec t  tha t  some f i l te rs  may
c log  up  due to  the  gums and depos i ts  be ing
cleansed from the engine. However,  af ter the engine
is  in i t ia l l y  c leansed there  shou ld  no t  be  any  more
prob lems w i th  c logged f i l te rs ,  un less  the  e thano l
comes in to  contac t  w i th  some o f  the  incomoat ib le
mater ia ls  ment ioned ear l ie r  (R ider  e t  a l . ,  1979) .
Gonclusion
Ethanol seems to be an attract ive subst i tute for
oe t ro leum fue ls  in  the  S l  in te rna l  combust ion
eng ine .  l t s  two most  pos i t i ve  qua l i t ies  a re  tha t  i t  can
be used in  today 's  eng ines  and can be  made f rom
renewable resources, such as grain. However,  there
are  prob lem areas  in  e thano l  use ,  some o f  wh ich  are
l i s ted  in  Tab le  9  (Schrock ,  1979) .  Other  p rob lems
with i ts widescale use are i ts cost,  product ion and
d is t r ibu t ion  to  the  pub l ic .
ln  summary ,  the  fo l low ing  genera l i za t ions  can
be made based on the l i terature reviewed in this
paper :
1 )  T h e  h i g h e r  p r o o f  e t h a n o l  ( ) 1 8 0 )  i s  a  m o r e
su i tab le  fue l  fo r  today 's  eng ines  due to  i t s
increased power output,  increased volu-
met r ic  fue l  economy,  and the  absence o f
some o f  the  prob lems assoc ia ted  w i th  lower
proo f  e thano, .
2 )  E thano l  i s  more  adaptab le  to  use  in  spark
ign i t ion  eng ines  than in  d iese l  eng ines .
3 )  W h e n  e t h a n o l  i s  u s e d  i n  a  S l  e n g i n e ,  m o d i f  i -
ca t ions  shou ld  be  made to  the  carbure tor ,
compress ion  ra t io  and ign i t ion  t im ing ,  and
some addit ional form of heat may be needed
for  the  in take  a i r .
4 )  When compared to  gaso l ine ,  e thano l  de-
l i vers  more  power ,  be t te r  fue l  economy,
h igher  thermal  e f f i c iency ,  bu t  less  vo lu -
met r ic  fue l  economy.
Some add i t iona l  fo rm o f  heat  o r  a  separa te
s tar t ing  fue l  i s  needed to  s ta r t  eng ines
operat ing on ethanol at  low temperatures.
Ethano l  i s  less  tox ic  than gaso l ine ,  bu t  more
precaut ions  must  be  taken in  i t s  s to rage to
insure  i t s  in i t ia l  qua l i t y .
E thano l  i s  cor ros ive  to  severa l  mater ia ls
used in  veh ic les  cur ren t ly  opera t ing  on
gaso l ine .  The corn  pa tab i l i t y  o f  mater ia ls  in  a
veh ic le  shou ld  be  checked be fore  us inq
ethano l .
The NOX and CO emiss ions  are  less ,  and
the  unburned fue l  and a ldehvde emiss ions
5 )
6)
7 )
8)
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are greater for ethanol as compared to Even though there are some problems associ-
gasol ine. ated with i ts use, ethanol has been used as a gaso-
9)  There  seem to  be  no  major  p rob lems in  l inesubs t i tu tebefore ,andthereareno insurmount -
eng ine  durab i l i t y  us ing  e thano l  tha t  cannot  ab le  p rob lems to  keep i t  f rom be ing  used aga in .  A
be overcome with minor modif icat ions. great number of barr iers exist  in the use of unmixed
10) There are no unfavorable engine deposits ethanol in diesel engines because of the low cetane
le f t  in  eng ines  us ing  e thano l .  In  fac t ,  there  number fo re thano l .Tomake i tsuseprac t ica l today ,
are fewer engine deposits than found from there are act ive research programs around the
the use of gasol ine. world invest igat ing these problems.
Table 9.-Summary ol Ethanol Applications in Engines.
Appl ica t ion  Eng ine
Approximate o/o
Fuel Replaced Uti l ize 200 Proot Potentialc
by Ethanola Low Proof? Ethanol Vatue Problems
1 )  E thano l -gaso l ine  Veh ic les  and o lder  10  No .75  x  gaso l ine  1 ,  2 ,  5 ,7
mix tu res  S l  t rac to rs
2a)  E thano l  in  Veh ic les ,  na tura l  gas  100 Yes .67  x  gaso l ine  3 ,  4 ,7 , I
S l  S td .  CR eng ines ,  o ld  S l  t rac to rs
2b)  E thano l  in  Natura l  gas  l r r  eng ines ,  100 Yes .76  x  gaso l ine  3 ,  4 ,7 , I
S l  H igh  CR o ld  S l  t rac to rs
3 )  E t h a n o l  i n  S l  C l  t r a c t o r s ,  c o m b i n e s  1 0 0  Y e s  . 5 2  x  d i e s e l  4 , 6 , 7 , 9
conver ted  d iese ls
h i g h  C R
4)  E thano l  in  d iese ls  C l  t rac to rs ;  combines  100 Yesb .55  x  d iese l  4 ,5 ,7 ,8 ,10
5)  E thano l -d iese l  C l  t rac to rs ,  combines  10  No .51  x  d iese l  1 ,4 ,6 ,7 , '10
m txtu res
6)  Carbure ted  C l t rac to rs ,  combines  30  Yes  .55  x  d iese l  11
ethano l  C l
aAssuming 1 00o/o adopt ion
Dspeculat ive
cPotent ia l  Problems
1 -  Phase separat ion 7 Mater ia ls compat ib i l i ty
2  =  D r i veab i l i t y  8  I n j ec to r  pump  l ub r i ca t i on
3  =  Va l ve  recess ion  g  -  o i l  d i l u t i on  a t  l i gh t  l oads
4  =  S ta r t i ng  ( be low  40 "F )  l 0  Combus t i on  knock
5 -  Vapor lock 1.1 Inconvenience
6 = Unavai labi l i ty  of  retrof  i t  conversion hardware
GLOSSARY OF TERMS
A/F Air to fuel rat io
BTC Before top dead center
C l  Compress ion  ign i t ion
DSR Dresserator induction system-sonic f low fuel/air induction
<D Equivalence rat io-actual air l f  uel rat io
stoichiometric air l f  uel rat io
FTIRS Fuoriertransform infrared spectroscopy
FTP Federal test procedure
IHP Indicated horsepower
MBT Min imum spark  advance f  o r  bes t  to rque
Ml  Ma ld is t r ibu t ion  i dex
Ml O richest cvl inder - leanest cyl inder
2 x O average
NFPS National Fire Protection Societv
NOX Ni t rous  ox ides
OEM Or ig ina lequ ipmentmanufac turer
S l  Spark  ign i t ion
WOT Wide open throt i le
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